Measurement of the components of nonexercise activity thermogenesis. Am J Physiol Endocrinol Metab 281: E670-E675, 2001.-Nonexercise activity thermogenesis (NEAT) accounts for the vast majority of nonresting metabolic rate and changes in NEAT-predicted susceptibility to fat gain with overfeeding. Measuring physical activity and its components in free-living humans has been a long-standing challenge. In this study, we combine information about lightweight sensors that capture data on body position and motion with laboratory measures of energy expenditure to calculate nonfidgeting NEAT. This measurement of nonfidgeting NEAT was compared with total NEAT measured in a room calorimeter in 11 healthy subjects. The measurement of nonfidgeting NEAT accounted for 85 Ϯ 9% of total NEAT measured in the room calorimeter. The intraclass correlation coefficient for the two methods was 0.86 (95% confidence interval 0.56, 0.96; P Ͻ 0.05). This suggests that 86% of the variance is attributable to between-subject variance and 14% to between-method disagreement. These instruments are applicable to free-living subjects; they are stand-alone, are lightweight, and allow normal daily activities. This novel technology has potential application for not only assessing NEAT but also tracking physical activity in free-living humans. energy expenditure; body movement; obesity INCREASES in nonexercise activity thermogenesis (NEAT) predicted resistance to fat gain with experimental overfeeding (13). However, measuring NEAT, particularly in free-living subjects, is a technical challenge, because NEAT comprises several components, namely, walking, sitting, standing, transition of body position (e.g., sitting to standing), and other movements that might be termed "fidgeting." Nonetheless, we believe that it is mandatory to understand the components of NEAT and how these components are modulated with changing energy balance. This information will provide insight into the mechanism by which NEAT influences changes in energy expenditure (EE) and how best to target therapies that aim to change NEAT in patients with disorders such as obesity.
INCREASES in nonexercise activity thermogenesis (NEAT) predicted resistance to fat gain with experimental overfeeding (13) . However, measuring NEAT, particularly in free-living subjects, is a technical challenge, because NEAT comprises several components, namely, walking, sitting, standing, transition of body position (e.g., sitting to standing), and other movements that might be termed "fidgeting." Nonetheless, we believe that it is mandatory to understand the components of NEAT and how these components are modulated with changing energy balance. This information will provide insight into the mechanism by which NEAT influences changes in energy expenditure (EE) and how best to target therapies that aim to change NEAT in patients with disorders such as obesity.
Our approach to studying NEAT is to divide it into three components. The first component is the EE of body posture, namely, the energy expended while sitting and standing and resulting from transitions in body posture. The second component is the EE of ambulation. The third component is the quantity of other movements, namely, fidgeting. Categorization of NEAT into these components allowed us to generate a testable hypothesis.
Our hypothesis was that nonfidgeting NEAT represents the majority of NEAT and can be predicted by combining measurements of 1) body position derived from inclinometers (tilt sensors), 2) body motion quantified using a validated accelerometer system, and 3) laboratory measurements of the EE of sitting and standing, transitions of body posture, and walking.
A secondary hypothesis that we tested was that the body motion that occurs while lying, sitting, and standing (i.e., a determination of fidgeting) can be quantified using an accelerometer system.
We conducted a study to compare NEAT predicted by the above approach with NEAT measured using a whole-room calorimeter. We used sensors to capture data on body position and motion and combined this information with laboratory measures of EE to predict nonfidgeting NEAT. We compared this predicted value for NEAT with NEAT measured using a room calorimeter. Also, accelerometer outputs for body motion while subjects were lying, sitting, and standing were summed to ascertain whether this value represented "fidgeting-like movement."
SUBJECTS AND METHODS

Subjects
Eleven healthy, nonobese volunteers (5 males, 6 females, 34 Ϯ 5 yr, 66 Ϯ 9 kg, body mass index 23 Ϯ 3 kg/m 2 ) were recruited. Subjects had no chronic illnesses, were not on medications, and reported no fluctuation in body weight Ͼ2 kg for the 3 mo before the study.
Indirect Calorimeters
Metabolic cart. The metabolic cart was a SensorMedics 229N (Yorba Linda, CA) flow-over, indirect calorimeter (12) . The calorimeter was calibrated for flow daily using a 3-liter calibrated syringe and before each measurement with two primary standard span gases (4% CO 2-16% O2-26% O2; balance N2). Gas flow through the system was modulated to maintain O2 and CO2 concentrations within normal physiological range. Data were integrated every 30 s and stored on a PC. The system was tested by burning a measured mass high-purity ethanol (AAPER Alcohol and Chemical, Shelbyville, KN) within the system by use of a specialized apparatus (SensorMedics). Expired air was collected using a fullface transparent mask (Scott Aviation, Lancaster, NY). The face mask was connected to the calorimeter by 6 m of 22-mmdiameter leak-proof tubing (Hans Rudolph, Kansas, MO). This system permits almost complete mobility with minimal agitation. The response time for the system is ϳ20 s.
Room calorimeter. Total EE was measured in the wholeroom calorimeter at the Center for Human Nutrition, University of Colorado Health Sciences Center (UCHSC) (17) . The subject's O 2 consumption and CO2 production were determined from the measured flow rate and the differences in O2 and CO2 concentrations between entering and exiting air. Values were corrected for temperature, barometric pressure, and humidity. Total EE was calculated using published equations (11) . Values for all measured variables were collected each minute and stored on a PC.
Inclinometer System
The inclinometer was a stand-alone system and employed two tilt sensors (Crossbow CXTA02, San Jose, CA) connected to analog ports of a data logger (AD128CX, Valitec, Dayton, OH). The inclinometers were secured to the lateral aspect of the trunk and to the lateral aspect of the mid-thigh by means of clear polycarbonate plastic holders and tape, which ensured that the sensors remained correctly oriented on the trunk and thigh, respectively (Fig. 1) . The inclinometer/data logger unit weighed 343 g and was powered by a 9V battery (Ultralife, Newark, NJ). At the end each experiment, voltage outputs from the inclinometers/data logger were downloaded, via a serial connection, to a PC. The voltage data streams were first interrogated to ascertain whether the respective sensor was closest to the vertical or horizontal plane. "Vertical" was equivalent to voltages that ranged from 0.83 to 3.6 V (mean Ϯ SD 2.7 Ϯ 0.3 V) and "horizontal" from 2.7 to 5.0 V (4.4 Ϯ 0.1 V). The information from the two sensors was then combined and determinations were made of "lying," "sitting," and "standing". Lying was designated when both sensor voltages indicated horizontal. Sitting was designated when the thigh sensor indicated horizontal and the trunk sensor vertical. Standing was designated when both sensor voltages indicated vertical. When the sensors indicated a change in posture (e.g., sitting to standing, sitting to lying, etc.) this represented a "transition." Data streams were analyzed using macros written in Excel 2000 (Microsoft, Seattle, WA).
Tracmor Accelerometer
The triaxial accelerometer (4-6) comprised three uniaxial piezoresistive accelerometers (ICSensors 3031-010, Druck, The Netherlands) mounted orthogonally in a resin block (50 ϫ 30 ϫ 8 mm, 16 g), whereby each axis is independently sensed. The accelerometer was worn on the lower back, attached using a 70 ϫ 85-mm piece of adhesive plastic (Tegaderm, 3M, Minneapolis, MN) (Fig. 1) . A cable connected the accelerometer to a portable data logger (Tattletale 5F, Onset Computer, 512 kB, 16 bit, 10 ϫ 70 ϫ 35 mm, 250 g). Data for each axis were amplified and filtered (0.11 Hz high pass, 20 Hz low pass) to attenuate the DC responses, and the sums of the rectified and integrated acceleration curves for the three axes were measured. Data were recorded continuously and downloaded, via a serial connection, to a PC.
Experimental Protocol
Overnight fasted, rested subjects were admitted into a standard room in the General Clinical Research Center at UCHSC, Denver, Colorado at 0700. Inclinometers were attached to the lateral aspects of the torso and thigh, and the Tracmor unit no. 7 was attached to the back. By use of the metabolic cart, the basal metabolic rate (BMR) was measured for 30 min. Sitting and standing EE values were then each measured for 20 min while subjects were motionless. Transition EE was measured next; here, subjects moved from seated to standing position every 6 s for 15 min, which was standardized using a tape recording (Fig. 2) .
Subjects then entered the room calorimeter for measurement of Total EE for the next 250 min. After 60 min of rest, resting EE was measured for 30 min. The next 190 min represented the "activity period" of the protocol (Fig. 2) . For 144 min, subjects were instructed to change posture (either sitting, standing or lying) every 6 min using a standardized order. Subjects were encouraged to perform varied, spontaneous physical activities while maintaining the instructed posture; while standing, subjects were allowed to ambulate (if desired). Subjects were then instructed to walk for 20 min on a treadmill at a self-selected pace compatible with ambling at home or work (ϳ1 mph). For the final 20 min, subjects were instructed to walk at a self-selected pace compatible with purposeful locomotion (e.g., walking to an ap- pointment, ϳ2.5 mph). Also, there were two optional, 10-min, bathroom use opportunities.
After completion of the room calorimeter segment, subjects were released from the chamber and rested for 30 min. By use of the metabolic cart, EE was then measured with the subject standing motionless (0 mph) and then walking at 1, 2, and 3 mph on a treadmill. This part of the protocol was performed after the room calorimeter measurements, because we did not want the EE of walking to impact on the low-activity EE measurements conducted during the room calorimeter protocol. After the treadmill walking, the instruments were removed from the subject, and the data were downloaded onto a PC. All measurements were made at 22°C.
Data Analysis
The term NEAT Instruments refers to the prediction of nonfidget-NEAT made using the accelerometer/inclinometer/ metabolic cart approach, and the term NEAT Room calorimeter refers to NEAT measured in the room calorimeter.
NEAT Instruments . For the activity period (Fig. 2) , inclinometer outputs were used to identify the number of minutes a subject spent lying, sitting, and being upright (standing plus ambulating). For the time spent upright, Tracmor output distinguished standing (Tracmor no. 7 output Յ1,900 TU) from walking (Ͼ1,900 TU) (5) . For the activity period, we could thereby calculate the time spent standing, the time spent walking, mean Tracmor output for walking, and mean Tracmor output for nonwalking activities (lying, sitting, and standing). For the activity period, inclinometer data were used to determine the number of transitions made between postures (e.g., sitting to standing).
Metabolic cart measurements were used to calculate BMR and the EE of sitting, standing, transitions, and walking at 0, 1, 2, and 3 mph. For the activity period (Fig. 2) , the EE for sitting, standing, and transitions (EE sitting, EE standing, and EE transitions, respectively) was calculated by multiplying the time engaged in each activity (or number of transitions) by the EE for that activity. To calculate walking EE for the activity period, a regression equation was derived from the metabolic cart treadmill experiment to relate Tracmor output to EE. Walking EE for the activity period (EE walking) was calculated using this regression equation and the mean Tracmor output for walking during the activity period.
NEAT Instruments for the activity period (Fig. 2) was calculated from: NEAT Instruments ϭ EE sitting ϩ EE standing ϩ EE transitions ϩ EE walking.
It is important to note that NEAT Instruments does not include the EE of fidgeting, which might be defined as Room calorimeter , direct numerical comparison was made and the intraclass correlation coefficient was calculated (corrected for the fixed bias that exists between the two methods). To address our secondary hypothesis, that nonwalking Tracmor output might reflect part of the unaccounted-for total EE (i.e., fidgeting-like activity), total EE predicted using the instruments was subtracted from total EE measured using the room calorimeter, and the difference was compared with nonwalking Tracmor output by means of linear regression analysis. Data are expressed as means Ϯ SD.
RESULTS
For the metabolic cart, repeated alcohol burn experiments yielded CO 2 and O 2 recoveries ϳ98%. The SD of the respiratory quotient for the last 15 min of these measurements was Ͻ1% of the mean. For 24 subjects, 38 Ϯ 11 yr, 76 Ϯ 21 kg, test-retest differences for duplicate measurements of resting EE and sitting and standing EE were Ͻ3%. For the room calorimeter, butane burn experiments showed recoveries of Ͼ96%.
For the 190-min activity period (Table 1) , subjects spent on average 23 Ϯ 5% of the time lying, 23 Ϯ 4% sitting, 21 Ϯ 4% standing, and 33 Ϯ 6% walking. A data stream from a representative patient is shown in Fig. 3 . From our inclinometer/accelerometer and calorimeter data, the cumulative EE above BMR during the activity period for sitting was 3 Ϯ 3 kcal, for On average, NEAT Instruments was 85 Ϯ 9% of NEAT Room calorimeter . The intraclass correlation coefficient for the two methods was 0.86, with 95% confidence intervals of 0.56 and 0.96. This was significantly different from zero (P Ͻ 0.05). This suggests that 86% of the variance is attributable to between-subjects variance, and 100 Ϫ 86 ϭ 14% to between-method disagreement.
Data for individual subjects are shown in Fig. 4 . We used the regression equation for the relationship between NEAT Instruments (x) and NEAT Room calorimeter (y) (y ϭ 1.3321 ϫ Ϫ16.969) to predict the error of NEAT estimated from the instruments. The mean error for NEAT predicted in this way was 10 Ϯ 11%.
As we expected, NEAT Instruments did not account for the total NEAT Room calorimeter . If it had, it would likely represent an overestimate, because NEAT Instruments did not include the EE of fidgeting. As NEAT increased, the unaccounted-for component of NEAT increased. The unaccounted-for component of NEAT comprises fidgeting and/or error. We therefore wanted to know whether we could detect an increase in fidgeting with increasing NEAT.
To address this concern, we calculated for the activity period whether Tracmor output for nonwalking activities correlated with the difference in total EE between that measured in the room calorimeter and that calculated from our noninvasive instruments (Fig.  5) ; it did so. The Tracmor output for nonwalking activities (fidgeting) explained approximately one-half of the variance of unaccounted-for total EE.
DISCUSSION
NEAT represents a substantial component (ϳ30-60%) of total EE and the majority of nonresting EE (15) . It is highly variable not only among people with different occupations (i.e., sedentary vs. nonsedentary occupations) but even among individuals who are sedentary (3). The importance of NEAT was underscored by our observation that its modulation predicted susceptibility to fat gain with overfeeding (13). This result was not surprising, because the components of NEAT, namely, sitting, standing, transitions, walking, and fidgeting, are associated with significant excursions of EE above resting (8, 9, 14) . Defining and measuring the components of NEAT are therefore important for understanding the mechanism by which NEAT might be regulated and, potentially, how NEAT might be important in obesity therapy (1) . In this study, we used portable, stand-alone sensors to capture data on body position and motion and combined this information Fig. 4 . Data for sitting, standing, transition, and walking EE as measured using the inclinometeraccelerometer-metabolic cart approach and measurements of total EE (TEE) performed using the room calorimeter for 11 healthy volunteers (females are subjects 1, 2, 5, 6, 8, 9) . Unaccounted-for nonexercise activity thermogenesis (NEAT) represents TEE (measured in the room calorimeter) minus the sum of sitting, standing, transition and walking energy expenditure.
with laboratory measures of EE to predict NEAT. The value of this approach is well illustrated in Fig. 3 , where the benefit of the additional information gained through the inclinometer data is self evident. The prediction of NEAT (albeit without a measurement of fidgeting) was compared with NEAT measured in a room calorimeter. The value for fidget-free NEAT determined from these instruments accounted for 86% of measured NEAT, and only 14% of the variance in the measures was attributable to method disagreement. Also, the accelerometer output for body motion while subjects were engaged in nonwalking activities explained one-half of the variance in the proportion of total EE that was not accounted for by our prediction of nonfidgeting NEAT. These results demonstrated that NEAT could be predicted using combined measurements of body position, motion, and laboratory determinations of EE.
Total NEAT can be estimated in nonexercising, freeliving individuals by use of doubly labeled water (7), which provides information on total daily EE over 7-10 days. When this measurement is combined with laboratory indirect calorimeter measurements of BMR and thermic effect of food (TEF), NEAT is calculated from: NEAT ϭ total daily EE Ϫ (BMR ϩ TEF). The principal limitation of this approach is that NEAT is calculated rather than measured, and this calculation does not enable an assessment of the components of NEAT. There have been repeated calls from statutory bodies such as the World Health Organization and the UN Food and Agriculture Organization to provide methods for directly assessing physical activity in free-living individuals (10) . Although accelerometers and pedometers have been widely applied to detect body motion (2) , these data are limited not only by variable precision but also because body motion can represent many different types of activity. The state-of-the-art method for detecting physical activity in free-living individuals is to have an investigator follow a subject continuously and record physical activity directly. Another limitation of doubly labeled water is that 18 O is expensive and in short supply, so that the number of measurements that can be performed is limited. Also, mass spectroscopy is necessary to measure 2 H and 18 O enrichments, to which many investigators do not have access. Hence, instruments that allow total NEAT and its components to be measured are potentially of great value for those interested in free-living physical activity and energy balance.
Despite its strengths and internal consistencies, there were several limitations to our study. First, the study was conducted in a room calorimeter. Such chambers limit free-living activity, walking in particular. However, we specifically modified the calorimeter to allow subjects to walk, and the data indicated that they readily did so. Second, the laboratory-based validation of these instruments occurred over a relatively short period of time. However, the objective of this study was to demonstrate the feasibility and to validate this approach in a laboratory environment where independent verification of activities could be obtained and NEAT be measured. If the results had failed to demonstrate a relationship between NEAT Instruments and NEAT Room calorimeter , we could have deemed the approach, as we tested it, invalid. If we had applied these technologies to free-living subjects directly without rigorous validation, we would remain uncertain that the gathered data were valid. We viewed this study as critical before applying this technology to free-living individuals. Third, we did not obtain true BMR measurements in the room calorimeter; rather we used a measurement of resting EE as the room calorimeter baseline. When conducting an experiment such as this, we were eager to perform the metabolic cart measurements on the same day as the room calorimeter measurements. We did displace the treadmill component of the metabolic cart measurements until subjects left the room calorimeter, precisely so that the resting EE measurement in the room calorimeter would not be "postexercise." This approach was vindicated by the observation that the resting EE measurement on the room calorimeter was 10% above the BMR measurements, which is compatible with results from other investigators (16) . Finally, the study was conducted on a seemingly small sample size, because the studies were complex to perform and required the dedicated use of a room calorimeter. Nonetheless, it was sufficient in size that we could account for 86% of the measurement variance.
We were not surprised that walking contributed to the majority of NEAT. Walking has been repeatedly demonstrated to be potently exothermic. Walking, even at 1 mph, doubles EE and at 3 mph increases EE above resting by 250 kcal/h (14, 18) . Our observation would be consistent with the observation that Tracmor output correlated with total daily EE-to-BMR ratio in free-living human subjects (6) . The true impact of walking on NEAT may have been overrepresented in this study, because walking may contribute less time proportionately in free-living subjects. Our future studies will address this issue.
In conclusion, by use of laboratory measures of EE, inclinometers to determine body posture, and accelerometers to determine body locomotion, we are able to predict ϳ86% of NEAT compared with a room calorimeter. In addition, accelerometer data during nonambulating allowed us to predict one-half of the variance in fidgeting. This provides us and others with a solid methodological foundation to measure NEAT in freeliving subjects.
